Brain-derived neurotrophic factor (BDNF) partially promotes the survival of axotomized retinal ganglion cells (RGCs). In analogy with in vitro experiments (Koh et al., 1995; Samdami et al., 1996) , we tested whether neuroprotection by BDNF is limited by adverse effects as a consequence of excessive free radical formation. First, we investigated whether BDNF and the free radical scavenger N-tert-butyl-(2-sulfophenyl)-nitrone (S-PBN) cooperate in protecting RGCs from axotomy-induced death. Although systemic S-PBN treatment alone did not influence RGC survival after axotomy, it potentiated the neuroprotective effects of BDNF significantly. Single BDNF treatment rescued 27% of the RGCs, which otherwise would have died 14 d after optic nerve transection, whereas a combined treatment of BDNF and S-PBN improved this rescue rate up to 68%. We then investigated whether the adverse effects of BDNF could be ascribed to activation of nitric oxide synthase (NOS). We found colocalization of NOS and the BDNF receptor TrkB in the retina. NADPH-diaphorase reactivity, a reliable marker for NOS in the rat retina, increased after chronic BDNF treatment in vivo. Systemic application of the NOS-inhibitor N--nitro-L-argininemethylester (L-NAME) potentiated the neuroprotective action of BDNF (55% rescue rate). We conclude that activation of NOS is a pathological consequence of BDNF application, which reduces its neuroprotective potential. The observation that this adverse effect can be antagonized by systemic application of free radical scavengers could be of relevance for clinical applications of neurotrophins in human neurodegenerative diseases.
Transection of the rat optic nerve (ON) induces retrograde death of ϳ80% of retinal ganglion cells (RGC s) within 2 weeks (Villegas-Pérez et al., 1988 Mansour-Robaey et al., 1994) . It had been suggested that axotomized RGC s die as a result of deprivation of target-derived trophic support, but studies by Cowey (1982) and C arpenter et al. (1986) later demonstrated that the survival of unlesioned adult rat RGC s is largely independent of target-derived trophic factors. However, application of several neurotrophic factors has been shown to promote survival of axotomized RGC s (Sievers et al., 1987; C armignoto et al., 1989; Mey and Thanos, 1993; . Despite the fact that brain-derived neurotrophic factor (BDN F) (Barde et al., 1982; Leibrock et al., 1989) is not required for RGC survival during development (C ellerino et al., 1997b) , it promotes survival of RGC s in a variety of experimental lesion models both in vitro and in vivo (Johnson et al., 1986; Thanos et al., 1989; Mey and Thanos, 1993; Mansour-Robaey et al., 1994; Cui and Harvey, 1995; Meyer-Franke et al., 1995; Peinado-Ramón et al., 1996) . This is in good agreement with the finding that RGC s express the BDN F receptor TrkB (Jelsma et al., 1993; Barbacid, 1994; Rickman and Brecha, 1995; C ellerino and Kohler, 1997) . The neuroprotective effect of BDN F is probably mediated by delaying apoptotic death of RGC s (Cui and Harvey, 1995) induced by ON transection (Garcia-Valenzuela et al., 1994; Harvey et al., 1994; Rabacchi et al., 1994; Isenmann et al., 1997) .
However, BDNF neuroprotection in vivo is transient. Even repeated intraocular injections of BDNF cannot assure long-term survival of axotomized RGCs (Mansour-Roubaey et al., 1994) . It is possible that BDNF downregulates TrkB expression and thereby reduces the responsiveness to BDNF in RGCs, as has been observed in other neurons (Carter et al., 1995; Frank et al., 1996) . An alternative explanation is that BDNF-mediated neuroprotection is limited by adverse side effects. In in vitro experiments, for instance, Koh et al. (1995) found that BDNF indeed reduced apoptotic but enhanced necrotic cell death of cortical neurons after an excitotoxic insult. Subsequent studies have shown that this adverse effect is caused by an increased formation of free radicals, particularly of nitric oxide (NO) (Samdami et al., 1996) .
The aim of the present study was to investigate whether similar adverse effects also reduce the neuroprotective potential of BDNF in vivo. We observed that systemic application of the unspecific free radical scavenger N-tert-butyl-(2-sulfophenyl)-nitrone (S-PBN), which attenuates excitotoxic lesions in vivo (Schulz et al., 1995a,b; Kuroda et al., 1996) , substantially potentiated BDNF neuroprotection on axotomized RGCs. This is in good agreement with previous in vitro studies showing that the neuroprotective action of trophic factors can be potentiated by antioxidants (Mayer and Noble, 1994) . To identify the type of free radicals that limited neuroprotection by single BDNF treatment, we replaced S-PBN by the specific NO synthase (NOS) inhibitor N--nitro-L-argininemethylester (L-NAME). L-NAM E also improved neuroprotection by BDNF significantly, suggesting that BDNF limits its own neuroprotective potential by inducing NOS.
MATERIALS AND METHODS
ON transection. Adult female Dark Agouty rats (150 -200 gm; Charles River Wiga, Sulzfeld, Germany) were anesthetized by intraperitoneal injection of chloral hydrate (0.42 gm / kg body weight). After skin incision close to the superior orbital rim, the right orbita was opened, saving the supraorbital vein, and the lacrimal gland was resected subtotally. By means of a small retractor, the superior extraocular muscles were spread, and the ON was exposed after longitudinal incision of the eye retractor muscle and the perineurium. The right ON was transected ϳ2 mm from the posterior pole of the eye, taking care not to damage the retinal blood supply. The latter was checked by f undoscopy after surgery.
Retrograde labeling of RGCs. To determine RGC densities, cells were labeled retrogradely with the fluorescent tracers 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (Di-I; Molecular Probes, Eugene, OR) and fast blue (FB; Dr. Illing Chemie, Gross-Umstadt, Germany). For Di-I staining from the superior colliculi (SC), animals were anesthetized by diethylether at postnatal day 7. At this age, the SC offer good surgical access, because they are not yet overgrown by the visual cortex. The skin was incised mediosagitally, and the skull cartilage was opened dorsal to the lambda fissure. Di-I (5% in dimethylformamide) was then applied to both superior colliculi using a micropipette. ON transections were performed as described above 10 -12 weeks after Di-I labeling. For FB staining, a small piece of gel foam soaked in 2% aqueous FB was placed at the ocular stump of the ON after axotomy.
Drug administration. Recombinant human BDN F (Alomone Labs) was dissolved in a 1% solution of bovine serum albumin (BSA) in PBS at three different concentrations of 100, 250, and 1000 ng /l. For intraocular injection of BDN F or vehicle, animals were anesthetized by diethylether. By means of a glass microelectrode with a tip diameter of 30 m, 2 l of BDN F (200 and 500 ng and 2 g, respectively) in BSA / PBS or 2 l of BSA / PBS without BDN F were injected into the vitreous space puncturing the eye at the cornea-sclera junction. BDN F and vehicle treatment consisted of three intraocular injections on days 4, 7, and 10 after ON transection.
S-PBN (Sigma, Deisenhofen, Germany) was dissolved in PBS at concentrations of 100 mg /ml (S-PBN 100) and 200 mg /ml (S-PBN 200). S-PBN treatment consisted of intraperitoneal injections of 1 ml / kg body weight every 12 hr starting 30 min after ON transection.
L-NAM E (Sigma) was dissolved in PBS at a concentration of 25 mg /ml (L-NAM E 25). L-NAM E treatment followed the same regimen as described for S-PBN.
RGC densities. Fourteen days after ON transection, animals received an overdose of chloral hydrate, and both eyes were removed. The retinas were dissected, flat-mounted on glass slides, and fixed in 4% paraformaldehyde (PFA) in PBS for 20 min. They were examined by fluorescence microscopy (Axiovert 35; Z eiss, Oberkochen, Germany) using a rhodamine filter (546/590 nm) and a 4,6-diaminido-2-phenylindole filter (365/ 397 nm) for Di-I and FB fluorescence, respectively. RGC densities were determined by counting tracer-labeled RGC s in 12 distinct areas of 62,500 m 2 each (three areas per retinal quadrant at three different eccentricities of one-sixth, one-half, and five-sixths of the retinal radius). C ell counts were done in duplicate by two independent investigators according to a double-blind protocol. Because retinal shrinkage attributable to intraocular injections could have resulted in overestimation of RGC densities, we measured the retinal areas of untreated and injected eyes with the aid of an image analysis system (N IH Image 1.44) after drawing the retinas by camera lucida. After 14 d, there was a reduction of 2% in retinal area of the test eyes injected three times with a volume of 2 l that was statistically not significant.
NA DPH-diaphorase histochemistr y and TrkB immunohistochemistr y. For NADPH-diaphorase reaction and TrkB immunohistochemistry, eyes were dissected and immersion-fixed as eye cups without cornea and lens for 60 min in 4% PFA / PBS at 4°C. After fixation, the eyes were immersed in 30% sucrose and PBS overnight at 4°C before 16 m radial cryostat sections were made. The sections were collected on gelatin-coated slides, air-dried, and stored at Ϫ20°C until f urther processing.
The NADPH-diaphorase reaction was performed according to the protocol of Huxlin and Benett (1995) . Briefly, after washing with PBS, sections were incubated at room temperature in a solution consisting of 0.5 mg of nitro blue tetrazolium, 2 mg of ␤-NADPH, and 6 l of Triton X-100 in 2 ml of PBS (chemicals purchased from Sigma), and the development of the staining was controlled by repeated microscopic inspections. The histochemical reaction was stopped by washing three times in PBS. Sections were coverslipped in 9:1 glycerol / PBS. BDN F-treated and control retinas were processed in parallel to avoid variability in the histochemical reaction and were understained (60 min) to visualize differences in staining intensity better. When double labeling was performed, sections were stopped after 30, 60, or 120 min to find the best conditions to visualize NADPH-diaphorase reaction and TrkB immunohistochemistry simultaneously. For double labeling, sections were first histochemically stained for NADPH-diaphorase reactivity and then preincubated in 30% normal goat serum (NGS) in PBS containing 0.03% Triton X-100 (PBST) for 2 hr at room temperature. Sections were then incubated either with the primary antibody against TrkB (T16030; Transduction Laboratories, Lexington, K Y; 1:50 in 5% NGS/ PBST) or with PBS (negative control) at 4°C overnight. To visualize anti-TrkB antibody binding, sections were incubated in goat anti-rabbit serum conjugated with C y-3 (Rockland, Gilbertsville, PA) diluted 1:1000 in a solution of 5% NGS and PBS for 2-3 hr at room temperature. Sections were coverslipped in 9:1 glycerol / PBS.
Statistics. Data are given as mean Ϯ SEM. Statistical significance was assessed using the Mann -Whitney-U test for independent samples. For expressing survival-promoting effects we defined RGC rescue rate (RRR) as follows: RRR ϭ (N ther Ϫ N con )/(N tot Ϫ N con ) ϫ 100, where N tot is the number of RGC s in unlesioned retinas, N con is the number of RGCs surviving without therapy, and N ther is the number of RGC s surviving after a given therapy.
RESULTS

Fluorescent labeling techniques
Retrograde labeling of RGCs from the superior colliculus with Di-I revealed a characteristically fine-dotted pattern of fluorescence of the RGC perikarya, whereas retrograde labeling from the axon stump after ON transection with FB showed rather diffuse staining of the perikarya. Particularly in the retinal periphery, both fluorescent dyes labeled proximal portions of the dendritic arbors. Fourteen days after ON transection, there was additional labeling of endothelial cells of retinal vessels, which could be distinguished easily by their fusiform shape. Furthermore, we found staining of microglial cells located both in the RGC layer and other retinal layers. These cells varied greatly in morphology, ranging from rod-shaped to rather lumpy but usually showing marked ramification compared with RGCs. Doublestaining protocols with Di-I from the superior colliculus and FB from the axon stump revealed similar label efficiencies of the two tracers, thus allowing comparison of Di-I and FB data (Eschweiler and Bähr, 1993) .
Effects of ON transection
In unlesioned control retinas, the mean RGC density was 2039 Ϯ 56 Di-I labeled cells/mm 2 ( Fig. 1 , Table 1 ). RGC density declined with retinal eccentricity from 2647 Ϯ 95 per mm 2 at one-sixth down to 1180 Ϯ 46 per mm 2 at five-sixths of the retinal radius. ON transection induced secondary death of RGCs. Within 14 d, the mean RGC density decreased to 17% of the normal control (339 Ϯ 43 FB labeled RGCs/mm 2 ). RGC death was more pronounced at the inner and medium retinal radii, with 15% RGCs surviving compared with 22% at the outer retinal radius.
Single treatment with S-PBN
Systemic treatment with the free radical scavenger S-PBN at doses of 100 and 200 mg/kg twice daily for 2 weeks did not influence RGC survival significantly compared with the untreated control group (Table 1) . In animals treated with S-PBN at a dose of 100 mg/kg, the mean RGC density was 300 Ϯ 45/mm 2 , whereas in animals treated with S-PBN at a dose of 200 mg/kg, the mean RGC density was 262 Ϯ 9/mm 2 .
Single treatment with BDNF
Intraocular injections of vehicle on days 4, 7, and 10 after ON transection led to a slight but statistically nonsignificant increase in mean RGC density of 412 Ϯ 77/mm 2 (Table 1) . Intraocular BDN F, however, enhanced RGC survival significantly in a dosedependent manner (Fig. 1, Table 1 ). Intraocular injection of 200 ng of BDN F on days 4, 7, and 10 after axotomy resulted in an RRR (see Materials and Methods) of 17% (627 Ϯ 60 RGCs/ mm 2 ). Increasing the dose of BDN F to 500 ng increased the RRR to 27% (804 Ϯ 87 RGC s/mm 2 ). Doses as high as 2000 ng of BDN F failed to improve RGC survival f urther. Although statistically not significant, the number of surviving RGCs even declined compared with the experimental group treated with 500 ng of BDN F (748 Ϯ 96 RGC s/mm 2 ). The degree of RGC rescue by intraocular BDN F was dependent on retinal eccentricity (see Fig.  3 ). Referring to the number of RGC s that otherwise would have died without treatment, BDN F rescued 2-2.7 times more RGCs at one-sixth of the retinal radius than at five-sixths of the radius.
Combined treatment with S-PBN and BDNF
Although a single treatment with S-PBN at 100 mg/kg did not influence RGC survival 14 d after ON transection, it potentiated the survival-promoting effects obtained with intraocular administration of BDN F significantly (Figs. 1, 2, Table 1 ). S-PBN together with 200 ng of BDN F resulted in an increase in the number of surviving RGCs by a factor of 2.2 compared with controls treated with 200 ng of BDN F alone. The combination of S-PBN with 500 and 2000 ng of BDN F increased the number of surviving RGCs by factors of 2.5 and 1.8, respectively. As observed for single BDN F treatment, neuroprotection by combined treatment depended on retinal eccentricity, again with the greatest RGC rescue at the inner retinal radius (Fig. 3) . However, with increasing BDNF dosage, the synergistic effect of S-PBN was particularly evident at the outer retinal radius.
NOS-positive cells express TrkB
The BDNF receptor TrkB is expressed not only in RGCs, as mentioned above, but also in some amacrine neurons. TrkBpositive amacrine cells have large somata and are located at the vitreal border of the inner nuclear layer (Rickman and Brecha, 1995; Cellerino and Kohler, 1997) . They have the typical morphology of wide-field amacrine cells, similar to that of NOSexpressing amacrine cells (Koistinaho and Sagar, 1995) . In rats, NOS-expressing neurons are also present in the ganglion cell layer (Huxlin and Benett, 1995) . To determine whether NOSexpressing cells also express the BDNF receptor TrkB, we performed a double-labeling study. We labeled NOS-containing cells by NADPH-diaphorase reaction, a reliable marker of NOSexpressing neurons in the rodent retina (Darius et al., 1995; Roufail et al., 1995) . NADPH-diaphorase reactivity was found in cells in the ganglion cell layer and in two subtypes of amacrine neurons in the inner nuclear layer: one strongly labeled subtype with a large soma (type I) and a lighter labeled subtype with a smaller soma (type II). Combination of immunohistochemistry for TrkB with NADPH-diaphorase reaction revealed colocalization in type II amacrine cells and in cells of the ganglion cell layer (Fig. 4) . A similar pattern of colocalization was observed when TrkB immunohistochemistry was performed using an immunoperoxidase reaction (data not shown). However, it was not possible to determine whether type I amacrine cells also express TrkB, because immunofluorescent and immunoperoxidase label- showing Di-I-labeled RGC s in an unlesioned control retina ( A) and fast blue-labeled RGC s in retinas 14 d after ON transection without treatment ( B), after three intraocular injections of 500 ng of BDN F repeated on days 4, 7, and 10 after axotomy ( C), and after combined treatment with systemic S-PBN (100 mg/kg twice daily) and three intraocular injections of 500 ng of BDN F repeated on days 4, 7, and 10 after axotomy ( D). Scale bar, 100 m.
ing for TrkB was always obscured in these cells by the dense formazan precipitates as a consequence of the strong NADPHdiaphorase reactivity.
BDNF enhances NADPH-diaphorase reactivity
We investigated whether BDN F treatment induces NOS expression in the rat retina. In a first approach, we applied BDNF in normal control animals according to a protocol that has proven to elicit a response in dopaminergic amacrine neurons (Cellerino et al., 1997a) . To this end, animals received an intraocular injection of 1000 ng of BDNF every other day. Six days after the first injection, the animals were killed, and the retinas of both eyes were stained for NADPH-diaphorase reactivity. Preparations were coded, and the intensity of NADPH-diaphorase staining was then evaluated by two independent observers. In BDNF-treated retinas, the intensity of NADPH-diaphorase labeling was obviously stronger than in untreated retinas (n ϭ 3) (Fig. 5A,B) . Vehicle injection, however, did not change NADPH-diaphorase staining visibly (data not shown). In a second set of experiments, we analyzed retinal NADPH-diaphorase histochemical activity 6 d after ON transection. Although axotomy without further treatment led only to a slight increase in NADPH-diaphorase labeling, a single application of 500 ng of BDNF on day 4 after axotomy enhanced NADPH-diaphorase staining consistently (n ϭ 3; Fig. 5C ,D). Sham treatment was not different from axotomy without treatment.
Effects of combined treatment with L-NAME and BDNF
Single treatment with L-NAM E at a dose of 25 mg/kg body weight injected intraperitoneally twice daily led to only a slight but statistically not significant increase in the survival rate of RGCs 14 d after axotomy (419 Ϯ 27 RGCs/mm 2 ) ( Table 1) . As has been demonstrated for S-PBN, however, systemic administration of L-NAM E was able to improve the neuroprotective effects of intraocular BDNF significantly. The RRR obtained with repeated injections of 500 ng of BDNF was increased from 27 to 55% by combining BDNF treatment with application of L-NAM E. As with S-PBN, the synergistic effect of L-NAM E on BDNF neuroprotection was most evident at the outer retinal radius (Fig. 3) .
DISCUSSION
BDNF has been shown repeatedly to delay retrograde death of RGCs after ON transection in the adult rat (Mey and Thanos, 1993; Mansour-Robaey et al., 1994; Peinado-Ramón et al., 1996) , but this effect is transient. Our study reveals that neuroprotection Figure 2 . The free radical scavenger S-PBN potentiates the rescue effect of BDNF on axotomized RGCs. BDNF treatment: 3 intraocular injections on days 4, 7, and 10 after axotomy at doses of 200, 500, and 2000 ng/ injection. S-PBN treatment: 100 mg/kg intraperitoneally twice daily. RRR ϭ (N ther Ϫ N con )/(N tot Ϫ N con ) ϫ 100, where N tot is the number of RGCs in unlesioned retinas, N con is the number of RGCs surviving without therapy, and N ther is the number of RGCs surviving after a given therapy. Data are given as mean Ϯ SEM. Asterisks indicate significant differences between combined and single treatment groups: *p Ͻ 0.05; **p Ͻ 0.01. by BDN F can be improved significantly by simultaneous systemic administration of the spin trap molecule S-PBN or of the NOS inhibitor L-NAM E. Interestingly, these effects are synergistic, because neither of these two agents influences survival of axotomized RGC s alone. In the adult mammalian C NS, axotomy often results in retrograde degeneration and death of the injured neurons (cf. GarciaValenzuela et al., 1994) . Because of good surgical accessibility, lesion of the retinocollicular projection in the rat serves as a convenient model to study secondary death of injured CNS neurons (Villegas-Pérez et al., 1988 Eschweiler and Bähr 1993; Mey and Thanos, 1993; Mansour-Robaey et al., 1994) . In comparison with lesion models in newborn rats, transection of the adult ON holds the advantage that injury-induced RGC loss is not confounded by additional RGC degeneration attributable to deprivation of target-derived trophic support during the period of naturally occurring cell death (C arpenter et al., 1986; Fagiolini et al., 1997) . For this reason, axotomy of the ON in the adult rat, a model with well documented spatiotemporal kinetics of cell loss, better reflects the f undamental pathophysiological sequelae of brain injury seen in clinical neurotraumatology.
It is a widely accepted concept that neurotrophins exert their neuroprotective action by hindering the induction of apoptotic cell death (for RGCs, see Cui and Harvey, 1995) . In the adult rat, ON transection induces apoptosis in RGCs starting on day 4 and reaching a maximum at approximately day 7 after axotomy (Garcia-Valenzuela et al., 1994; Isenmann et al., 1997) . In line with this temporal profile of apoptosis, intraocular injection of BDNF on day 5 rescues a similar number of RGCs as BDNF injections on day 0 or 3 after axotomy (Mansour-Robaey et al., 1994) . Therefore, we chose to start BDNF treatment on day 4 after ON transection to minimize the total number of intraocular injections necessary to obtain effective neuroprotection over 14 d.
In the present study, repeated intraocular injections of BDNF on days 4, 7, and 10 after axotomy enhanced RGC survival significantly compared with the vehicle-treated group even at the low dose of 200 ng/injection. This is in clear contrast to other studies, in which vehicle injection alone was effective in promoting survival of axotomized RGCs (Mansour-Robaey et al., 1994; Russelakis-Carneiro et al., 1996) and hence may have disguised the effects of low BDNF doses. This discrepancy could be explained by the less invasive injection procedure we adopted. Using a fine glass microelectrode instead of a 26 gauge needle, we avoided significant injury-induced rescue responses and even ret- inal shrinkage with repeated injections. We achieved maximal RGC survival after repeated intraocular injections of 500 ng of BDN F. Increasing the dose of BDN F to 2000 ng /injection did not improve RGC survival f urther. These data indicate that the failure of BDN F to protect the total RGC population after axotomy is not attributable to suboptimal dosage. As a matter of fact, we observed the trend for a bell-shaped dose -response curve in the neuroprotective action of BDN F. Such a dose-response relation has been described already for BDN F in axotomized motoneurons (Vejsada et al., 1994) . It was interpreted as a consequence of a downregulation of the BDN F receptor TrkB after excessive BDN F application, an effect observed in vitro in other CNS neurons (C arter et al., 1995; Frank et al., 1996) . An alternative possibility is that BDN F limits its own neuroprotective potential by activating second messenger pathways that are adverse for RGC survival. The rescue rate observed in vivo would then be the net result of these two antagonistic actions. Here we have shown that cells expressing NOS also express the BDNF receptor TrkB and that BDN F administration increases the NADPH-diaphorase reactivity, a marker of NOS expression (Dawson et al., 1991; Darius et al., 1995; Roufail et al., 1995) . These results strongly suggest that the concentration of the free radical NO increases after BDN F treatment. Most importantly, specific inhibition of NOS activity by L-NAM E potentiates the neurotrophic action of BDN F. It also has been shown that activation of the neuronal form of NOS has negative consequences for neuronal survival after ischemia or excitotoxicity (Kashii et al., 1996; Iadecola et al., 1997) and that BDNF can enhance excitotoxic cell death by enhancing NOS activity in vitro (Samdami et al., 1996) . RGCs express glutamate receptors and are known to be sensitive to excitotoxicity (Siliprandi et al., 1992; Brandstatter et al., 1994) . The NMDA-receptor antagonist MK-801 prevents the fast phase of RGC death after axotomy in the adult cat, suggesting that activation of glutamate receptors is involved in retrograde death of axotomized RGCs (RusselakisCarneiro et al., 1996) . However, ON transection is unlikely to cause excitotoxicity in the classical sense (increased glutamate release by injury-induced depolarization as well as leakage of glutamate through injury sites), because the presynaptic input of the RGCs is left untouched by the lesion. Nevertheless, it is conceivable that RGCs become more sensitive to glutamate on a slower time scale resulting in a delayed and progressive "excitotoxicity," which is entirely postsynaptic in origin. We propose that, in analogy to what is observed in vitro, an increased production of NO attributable to BDNF treatment exacerbates the excitotoxic component of RGC death, thereby limiting the neuroprotective potential of BDNF. This hypothesis would also be consistent with the trend for a bell-shape dose-response curve on RGC survival we observed. It has to be noted that a similar bell-shaped dose-response curve and concomitant induction of NOS was observed after intraocular injections of a colliculusderived chondroitin sulfate proteoglycan with neurotrophic activity . These data were used originally to propose a supportive role for NO in the retina, but data from the same group subsequently showed that L-NAM E potentiates the neurotrophic action of colliculusderived proteoglycan on RGC s in vitro (Nichol et al., 1995) , which is in good agreement with the hypothesis we present here. RGC rescue by BDN F and the combination of BDNF with S-PBN or L-NAM E treatment depended on retinal eccentricity. Independent of dosage, neuroprotection by BDN F alone was consistently most effective at the inner retinal radius. When comparing BDN F neuroprotection on axotomized RGCs in our study and other studies, it is striking to note that the RGC rescue rates we obtained were considerably lower than the ones described by other investigators (Mansour-Robaey et al., 1994; Peinado-Ramón et al., 1996) . These differences might be explained by the different cell counting protocols. For calculating average RGC densities, these investigators examined three distinct areas per retinal quadrant that were markedly closer to the optic disk than in our study. This may account for the higher RGC rescue rates, because both secondary death of axotomized RGCs and rescue by BDN F treatment is most pronounced in the central retina. The potentiation of BDNF neurotrophic effect by S-PBN or L-NAM E, however, was particularly evident at the outer retinal radius when dosage of BDNF was increased. Following the line of argumentation that BDNF enhances injury-induced excitotoxicity in RGCs, these data are in good agreement with studies showing RGCs in the retinal periphery to be more sensitive to excitotoxic lesions (Vorwerk et al., 1996) .
Although an enhancement of excitotoxicity by BDNF seems to be the most straightforward explanation for the synergistic action of S-PBN or L-NAM E together with BDNF, this hypothesis remains to be proven. In future studies, it will be crucial to assess whether agents blocking glutamatergic neurotransmission show similar synergistic effects with BDNF.
Whatever the biochemical and cellular mechanisms of this synergism are, it is of particular interest that in vitro experiments have also revealed a synergistic action of antioxidants together with a variety of trophic factors on purified oligodendrocytes and to some extent on peripheral neurons (Mayer and Noble, 1994) . Thus, the synergistic action of antioxidants and trophic factors might be a rather widespread phenomenon in the nervous system, which could have important clinical implications. In fact, whereas L-NAM E blocks all isoforms of NOS and might have severe side effects on blood circulation , these side effects Figure 5 . Effect of BDN F on NOS histochemical activity in the adult rat retina using NADPH-diaphorase reactivity as a marker. A, B, Radial sections of the retinas of an adult rat, which had received three injections of 1000 ng of BDN F every other day in the right eye and was killed 6 d after the first injection. A, Untreated control eye. B, BDN F-treated eye of the same rat. C, Radial section of an adult rat retina 6 d after ON transection. D, Radial section of an adult rat retina 6 d after ON transection, which had received a single intraocular injection of 500 ng of BDN F on day 4 after axotomy. Sections were understained to visualize the difference between treated (BDNF ) and untreated (CONTROL) eyes better. ONL, Outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 35 m.
are not seen with S-PBN or analogous spin traps, making them potential candidates for clinical use. Neurotrophins are being tested currently in clinical trials for the treatment of various neurological disorders, such as human neurodegenerative diseases (Yuen and Mobley, 1996; Mitsumoto and Olney, 1996) . If our observations obtained in RGC s can be extended to other neuronal populations and injury paradigms, the use of free radical scavengers would provide a promising way to optimize the neuroprotective effects of neurotrophins. This could help in designing new strategies in the treatment of human neurodegenerative diseases, cerebrovascular disorders, and cerebral trauma.
